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Abstract

Biosorption of Pb(II) and Cu(II) ions from aqueous solutions has been studied in a batch system by using a bacterial strain isolated from metal
polluted soil. The bacterial strain was identified asBacillus sp. The optimum conditions of biosorption were determined by investigating the initial
pH, contact time and the initial concentrations of metal ions at constant temperature (25◦C). The maximum biosorption of the metal ions was
observed at pH 3.0± 0.1 for Pb(II) and pH 5.0± 0.1 for Cu(II) ions. Biosorption equilibrium times for Pb(II) and Cu(II) ions were observed in 15
and 30 min, respectively. The maximum biosorption capacities of Pb(II) and Cu(II) ions onBacillus sp. were determined to be 92.27± 1.17 mg g−1
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t 250 mg l−1 concentration and 16.25± 1.64 mg g−1 at 200 mg l−1 concentration, respectively. The experimental adsorption data were fit
angmuir isotherm model. Competition of metal ions during biosorption was investigated in binary metal solutions. The interactions
etal ions and functional groups on the cell wall surface of the biomass were confirmed by FTIR, SEM and EDAX analysis. The results

hat bacterial isolateBacillus sp. is a suitable biosorbent for the removal of Pb(II) and Cu(II) ions from aqueous solutions.
2005 Published by Elsevier B.V.
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. Introduction

Discharge of heavy metals from various industries such as
ining, ore processing, smelting and metal plating can eas-

ly create metal pollution and causes hazardous effects on
umans, animals and environmental balances. Lead and copper
re among those metals widely used in industry and their accu-
ulation in the living tissues may cause serious health problems

1]. While lead is extremely toxic and can damage the nervous
ystem, kidneys and reproductive system, particularly in chil-
ren, high levels of copper can cause toxic effects like all other
eavy metals although copper is an essential trace element. The
PA requires lead and copper in drinking water not to exceed
.015 and 1.3 mg l−1, respectively[2].

The severe toxic effects imposed by heavy metals on living
issues and environment directed the research at investigating
lternative technologies for wastewater purification systems.
onventional separation techniques applied to the treatment

∗ Corresponding author. Tel.: +90 222 239 3750/2366; fax: +90 222 2393578.

of industrial effluents include chemical precipitation, chem
oxidation or reduction, filtration, ion exchange and electroch
ical processes. However, technical and economical const
encountered in the application of these traditional methods
directed attention to the search for new technologies invo
metal removal from waste streams[3,4].

As a result of development in the field of environm
tal microbiology, recent studies have focused on the us
microbial-based potential biosorbents such as yeast, bacter
fungi. They are capable of removing heavy metals from w
streams[5–9]. This biological phenomenon defined as bios
tion seem to be a good alternative to the existing methods
it does not produce chemical sludges, it could be highly s
tive, more efficient, easy to operate and hence cost effectiv
the treatment of large volumes of wastewaters containing
pollutant concentrations[10]. The biosorption process includ
physicochemical interactions between metal ions and se
anionic ligands present on the biomass like carboxyl, phos
ryl, carbonyl and sulfhydryl[11]. The efficiency of this proce
depends on various factors varying from the type of meta
being studied to the type of biosorbent material used as w
E-mail address: stunali@ogu.edu.tr (S. Tunali). pH [12].

385-8947/$ – see front matter © 2005 Published by Elsevier B.V.
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Soil is a dynamic, multi-component system, whose properties
depend upon by microbial, chemical, hydrological and geologi-
cal processes in it. The interaction between microorganism and
metal ions, in soil, is considered to be the result of metal com-
petition by all the other components in the system. Life in a
polluted environment get difficulties for the microorganisms in
many ways, meanwhile they have greater energy demands in
order to cope with the toxicity of pollutants. The ability to grow
even at high metal concentrations is found in many microorgan-
isms and may be the result of intrinsic or induced mechanisms,
as well as other environmental conditions such as pH, specia-
tion, redox, etc., which can reduce metal toxicity[13]. Recent
studies indicated that the microbial strains isolated from con-
taminated soils have excellent removal capacity of heavy metals
from aqueous solutions[14].

The objective of this study was to isolate microbial strains
from soil contaminated with copper and lead ions, identify and
study the biosorption potential of the appropriate strains towards
copper and lead. The metal loading capacity of bacterial biomass
was determined as a function of initial pH, contact time and ini-
tial metal ion concentration. The monocomponent biosorption
data have been analyzed by Freundlich and Langmuir isotherm
models. The biosorption performance of bacterial biomass in
binary metal mixtures was also investigated. The role played
by the functional groups present in the biomass in biosorption
process was examined by FTIR, SEM and EDAX analysis in
a sorp
t
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During preliminary screening tests, the bacterium (isolate 1)
demonstrated better biosorption capacity for both metals than
the others.

2.2. Identification and preparation of effective isolate

Microscopic and biochemical tests were applied to effective
bacterial isolate according to Bergey’s Manual of Systematic
Bacteriology[15] and The Prokaryotes[16].

The bacterial isolate was incubated at 30◦C and 125 rpm for
24 h in the nutrient broth (Merck) at neutral pH. The biomass
was separated from the growth medium by centrifugation at
4500 rpm for 10 min and washed throughly distilled water. It
was spread on Petri dishes and then dried at 80◦C for overnight.
Dried biomass was powdered using mortar and pestle. The pow-
dered biomass was sieved to select particles 150�m for use as
a biosorbent in batch studies.

2.3. Preparation of metal solutions

Metal solutions used in this study were prepared by dilution
of 1000 mg l−1 stock solutions of Pb(II) and Cu(II) obtained by
dissolving Pb(NO3)2 and CuSO4·5H2O, respectively, in distilled
and deionized water.

2.4. Biosorption experiments
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ddition to the environmental parameters affecting the bio
ion process.

. Materials and methods

.1. Isolation and screening of microorganism

The microorganism used in this study was isolated from m
olluted soil. The soil samples were initially collected from n
ral environment and 100 g of soil was polluted with Pb(II)
u(II) by treating with 250 ml of 1000 mg l−1 Pb(NO3)2 and
uSO4·5H2O solutions in 1000 ml flask to select the app
riate bacterial strains having greater resistance towards
nd Cu(II) toxicity. Soil sample was stirred with metal soluti
vernight and then liquid phase was separated by filtration

solation of bacterial strains 10 g of this soil sample was hom
nized with 90 ml of 0.85% (w/v) sterile saline solution. Se
ilutions were prepared in 9 ml of 0.85% (w/v) sterile sa
olution and plated on nutrient agar (NA) (Merck). From
A plates, colonies representative of all different morpholo
ere chosen at random, purified by sub-culturing and mainta

n a slants of NA. All culture works were conducted aseptic
For preliminary tests, five strains of bacteria were origin

solated from polluted soil in the laboratory and investigated
iosorption capacities of dried biomass. Equal and known q

ities of microorganisms added to Erlenmeyer flask conta
etal solutions of known concentrations. The flasks were

ated at 125 rpm on an orbital shaker for 30 min. At the end o
ontact time, biomass was separated from the reaction mix
y filtration and the filtrate was analyzed for residual meta
oncentration.
-
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All the batch biosorption experiments were carried out
.1 g of biosorbent at 25◦C in 250 ml Erlenmeyer flasks to el
idate the optimum operating conditions which enhance
b(II) and Cu(II) uptakes. The effect of pH on the bioso

ion capacitiy of the bacterial biomass for Pb(II) and Cu
as investigated in the pH range of 1.0–6.0 by using 5
olutions containing 100 mg l−1 of metal ions. The solution
ere adjusted to required pH values using 1N H2SO4 and 1N
aOH and then not further controlled. Biosorbent was ad

o medium and the reaction mixture was shaken on an o
haker at 125 rpm for 120 min which is sufficiently long
orption equilibrium. Experimental control tests were also
ied out in the absence of the biosorbent to investigate
emoval of dissolved Pb(II) and Cu(II) which might occur
hemical precipitation and sorption on to vessel walls.
ffect of contact time on the biosorption was investigate

he time range of 5–120 min. For this purpose 3 ml of s
les were taken from the biosorption media at definite in
als. Similarly above, metal solutions with varying concen
ions (ranging from 5 to 300 mg l−1) were used to assess
ffect of initial metal ion concentration. In the latter exp
ents the pH of the Pb(II) and Cu(II) solutions was adju

o 3.0± 0.1 and 5.0± 0.1, respectively (optimum pH value
he samples were centrifuged at 4500 rpm for 5 min and
upernatant liquid was analyzed for residual metal ion con
ration.

Competitive biosorption of Pb(II) and Cu(II) ions was inv
igated from their solutions containing these two metals si
aneously. The initial concentrations of the competing meta
ere varied from 25 to 100 mg l−1 while the concentration o
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the dominant metal ion in each biosorption medium was held
constant at 25, 50 and 100 mg l−1. The pH value of the biosorp-
tion media was adjusted to optimal value for dominant metal
ion.

The amount of adsorbed metal ions per gram biomass was
calculated by using the general equation:

qe = (Ci − Ce)V

M
(1)

whereqe is the amount of metal ions adsorbed on the biomass
(mg g−1), Ci the initial metal ion concentration in solution
(mg l−1), Ce the final metal ion concentration in solution
(mg l−1), V the volume of the medium (l) andM is the amount
of the biomass used in the reaction mixture (g).

2.5. Statistical analysis

All the experiments were carried out in triplicate and experi-
mental errors were estimated and are depicted with error bars and
standard deviations are indicated wherever necessary. All statis-
tical analysis was done using SPSS 9.05 for Windows where
it is possible to evaluate whether the effect and the interaction
among the investigated factors are significant with respect to the
experimental error.

2.6. Analysis of metal ions
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Fig. 1. Comparison of the biosorption capacities of isolates obtained from metal
polluted soil. The bars represent the standard error of the mean (the difference
in Pb(II) and Cu(II) biosorption capacities of the isolate 1 and the other isolates
was found to be statistically significant (p < 0.05)).

3. Results and discussion

3.1. Selection of effective isolate

In this study, while the five morphologically distinct bacte-
rial strain isolated, fungi and yeast were not isolated. As seen in
Fig. 1, isolate 1 has maximum biosorption capacity for Pb(II) and
Cu(II) when compared with the other isolates. Nonliving (dried)
biomasses were used for comparison. Also the difference in
biosorption ability of this isolate was found to be statistically sig-
nificant from the others (p < 0.05). This most effective bacterial
strain was identified according to Bergey’s Manual of System-
atic Bacteriology[15] and The Prokaryotes[16]. Biochemical
tests performed for identification and microscopic properties of
effective isolate are shown inTable 1. The bacterium was belong-
ing toBacillus genus according to these tests. In this article, the
bacterial strain is named asBacillus sp. (ATS-1).

The walls of gram positive bacteria are efficient metal chela-
tors. The carboxyl group of the glutamic acid of peptidoglycan
was the major site of metal deposition. Carbohydrate groups are
important metal binding sites. SomeBacillus species produce
carbohydrate capsules[16–18].

Table 1
Biochemical and microscopic characteristics ofBacillus sp. (ATS-1)

P ult

G
C
C
S
S
C
A
V
A
A
A
H
H
H
U

(

The concentrations of unadsorbed Pb(II) and Cu(II)
in the supernatant were determined by using an Ato
Absorption Spectrophotometer (Hitachi 180-70, Japan)
an air–acetylene flame. Deuterium background correction
used and the spectral slit width was 1.3 nm. The working
rents/wavelengths for Pb(II) and Cu(II) were 7.5 mA/283.3
and 7.5 mA/324.8 nm, respectively. Calibration solutions
pared from atomic absorption stock solutions (998± 2 mg
Pb(II) l−1 in HNO3 0.5 mol l−1, and 1001± 2 mg Cu(II) l−1 in
HNO3 0.5 mol l−1, Sigma) were used for checking the ins
ment response for every 10 readings.

2.7. Biosorption characterization on the basis of bacterial
surface

The chemical characteristics of effective isolate before
after metal sorption were analyzed and interpreted by F
spectroscopy. The spectra were recorded in a Bruker Tens
Fourier transform infrared spectrometer with the samples
pared as KBr discs. All spectra were plotted using the same
on the transmittance axis.

The surface structure of biosorbent was analyzed by sca
electron microscope (Cam Scan Oxford Link SEM) cou
with energy dispersive X-ray analysis (EDAX). The accelera
voltage was constant at 20 kV and the microprobe was foc
at a magnification of 2000. Unloaded and metal-loaded bio
samples were mounted on a stainless steel stab with a d
stick tape followed by coating with a thin layer of gold un
vacuum to increase the electron conduction and to improv
quality of the micrographs.
7
-
le

g

d
s
e-

e

roperties Result Properties Res

ram reaction + Formation of Indole −
ell shape Rod Growth at pH 6.8, nutrient broth +
ell diameter > 1.0�m + Growth at pH 5.7, nutrient broth +
pores round − Growth in NaCl 2% +
porangium swollen − Growth in NaCl 5% +
atalase + Growth in NaCl 7% −
naerobic growth − Growth in NaCl 10% −
oges–Proskauer test − Growth at 5◦C −
cid from d-glucose + Growth at 10◦C −
cid from d-xylose − Growth at 30◦C +
cid from d-mannitol − Growth at 40◦C +
ydrolysis of casein − Growth at 50◦C −
ydrolysis of gelatin − Growth at 55◦C −
ydrolysis of starch + Growth at 65◦C −
tilization of citrate −

+): 90% or more strain positive; (−): 90% or more strain negative.
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Fig. 2. Effect of pH on the metal biosorption byBacillus sp. (ATS-1); 50 ml
single metal solution (100 mg l−1) of Pb(II) and Cu(II) was contacted with 0.1 g
of biomass for 120 min. The bars represent the standard error of the mean.

3.2. Effect of pH on the biosorption

Earlier studies on heavy metal biosorption showed that
pH was an important factor affecting the biosorption process
[19,20]. The interaction of metal cations with the electron-rich
functional groups located on the biomass may be strongly sen-
sitive to the pH value of the environment. The inconsistency in
literature regarding the influence of pH on biosorption seems to
indicate that the pH would alter the sorption of metal ions and
it may vary with the type of sorbents (biomass) and sorbates
(metal ions)[21]. In the present study, the optimum initial pH
values for biosorption of Pb(II) and Cu(II) ions were determined
as 3.0± 0.1 and 5.0± 0.1, respectively (Fig. 2). The difference
in biosorption capacities was found to be statistically signif-
icant at pH values 1.0, 2.0, 4.0, 5.0 and 6.0 comparing with
pH 3.0 for Pb(II) (p < 0.05). At pH values between 4.0 and 6.0
biosorption capacity differ significantly from below pH 4.0 for
Cu(II) ions (p < 0.05). Experimental control tests indicated that
the removal mechanism is purely biosorption. As can be seen
in Fig. 2, Pb(II) and Cu(II) ions become precipitate in the form
of Pb(OH)2 and Cu(OH)2, respectively, because of increasing
concentration of OH− ions after the pH values 3.0 for Pb(II)
and 5.0 for Cu(II). However, if this precipitation contributed
to the Pb(II) and Cu(II) biosorption, the removal capacity
should not have decreased and/or fixed at greater than these pH
values.
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Fig. 3. Effect of contact time for Pb(II) and Cu(II) biosorption byBacillus sp.
(ATS-1); 50 ml single metal solution (100 mg l−1) was contacted with 0.1 g of
biomass at pH 3.0 for Pb(II) and 5.0 for Cu(II). The bars represent the standard
error of the mean.

This rapid initial uptake of metals may be an important parameter
for a practical application of biosorption in industrial wastewater
treatment.

3.4. Effect of initial metal ion concentration on the
biosorption

The effect of initial metal ion concentration on the biosorption
capacity ofBacillus sp. (ATS-1) was studied at optimum pH
values and contact time. These experiments were carried out
using single metal ion solutions (5–300 mg l−1). The amount
of metal ions adsorbed per unit mass of bacterial biosorbent
Bacillus sp. (ATS-1) increased first with increasing of the initial
metal ion concentration and reached to a saturation value. Then
the value did not change with the initial metal ion concentration
(p > 0.05) (Fig. 4).

As seen fromFig. 4, the maximum biosorption capacities
of Bacillus sp. (ATS-1) biomass for Pb(II) and Cu(II) ions
were determined as 92.27± 1.17 mg g−1 at 250 mg l−1 initial
Pb(II) concentration and 16.25± 1.64 mg g−1 at 200 mg l−1 ini-
tial Cu(II) concentration. Biosorption results of Pb(II) and Cu(II)
reported by the other researchers in the literature by various
biosorbents and operating conditions are summarized inTable 2.

F and
C
c bars
r

The pH of the adsorption medium affects the solubility
etal ions and the ionization state of the functional groups o

ell wall of biosorbent. Because of high proton concentrat
t extremely acidic conditions, cell wall functional groups
losely associated with the protons and it restricts the app
f metal ions as a result of increasing positive charge dens
inding sites[22–24].

.3. Effect of contact time on the biosorption

The effect of contact time on the biosorption of metal spe
100 mg l−1) onBacillus sp. (ATS-1) was investigated at a co
tant temperature (25◦C). It has been determined that ra
dsorption of Pb(II) and Cu(II) ions was observed in initia
nd 30 min, respectively (Fig. 3), and then the uptake of me

ons did not significantly change with contact time (p > 0.05).
h
f

ig. 4. Effect of initial metal ion concentration on the biosorption of Pb(II)
u(II) by Bacillus sp. (ATS-1); 50 ml single metal solution (5–300 mg l−1) was
ontacted with 0.1 g of biomass at pH 3.0 for Pb(II) and 5.0 for Cu(II). The
epresent the standard error of the mean.
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Table 2
Some biosorption results and operating conditions of Pb(II) and Cu(II) ions from the literature by various biosorbents

Metal type Biosorbent type Biosorption capacity
(mg g−1)

Operating conditions

pH T (◦C) Initial metal ion
concentration range (mg l−1)

Biomass
(g l−1)

References

Pb(II) Phanerochaete chrysosporium
(formaldehyde and alkali pretreated)

12.34 4.5 27 50 2 [28]

Streptomyces longwoodensis 100 3.0 28 50–200 0.3 [29]
Saccharomyces cerevisiae 2.7 5.0 25 10.4 2 [30]
Rhizopus arrhizus 85.6 5–7 – 10–600 3 [31]
S. noursei 36.5 6.1 30 2–207 3.5 [32]
Mucor rouxii 17.13 5.0 – 10 – [33]
Pinus sylvestris 11.38 4.0 25 10–100 4 [34]
S. rimosus (NaOH treated) 135 2–12 – 500 3 [35]
Bacillus sp. (ATS-1) 92.27± 1.17a 3.0 25 250 2 This study

Cu(II) S. cerevisiae 0.8 4.0 25 3.2 2 [30]
S. noursei 9 5.5 30 6–65 3.5 [32]
Aureobasidium pullulans 6 5.5 25 1–320 1 [36]
Melanin ofAureobasidium pullulans 9 5.5 25 1–320 1 [36]
Cladosporium resinae 16 5.5 25 1–320 1 [36]
Melanin ofC. resinae 25.4 5.5 25 1–320 1 [36]
Aspergillus niger 405 4.4 5.0 25 10 10 [37]
R. arrhizus 10.76 4.5 30 75 1.32 [38]
A. niger 9.53 5.0 30 75 1.28 [38]
Bacillus sp. (ATS-1) 16.25± 1.64a 5.0 25 200 2 This study

a Standard deviation of the mean.

The uptake values obtained in this study are comparable and
were found to be higher than that of many corresponding biosor-
bents.

3.5. Adsorption isotherms

The biosorptive metal uptake can be quantitatively evaluated
by experimental equilibrium isotherms. The graphical expres-
sion of isotherm is a plot of the metal uptake by the per unit
weight of biosorbent against the residual metal ion concentra-
tion in the biosorption medium. There are two widely accepted
and easily linearized adsorption isotherm models used in the lit-
erature, which are namely Freundlich[25] and Langmuir[26]
models.

The Freundlich model based on the relationship between the
metal uptake capacity “qe” (mg g−1) of biomass and the resid-
ual (equilibrium) metal ion concentration “Ce” (mg l−1). The
general Freundlich equation is as follows:

qe = KfC
1/n
e (2)

and linearized form of this model is

ln qe = ln Kf + 1

n
ln Ce (3)

where intercept, lnK , is a measure of adsorbent capacity, and
t

as

q

and the equation may be linearized as follows:

Ce

qe
= 1

Q0b
+ Ce

Q0
(5)

where qe is the amount of metal ion removed (mg g−1),
Ce the equilibrium concentration (mg l−1), Q0 and b are the
Langmuir constants related to adsorption capacity and affinity,
respectively. The Freundlich and Langmuir constants, have been
calculated from the corresponding plots (Figs. 5 and 6) for the
biosorption of Pb(II) and Cu(II) on the biosorbent and the results
are presented inTable 3. The regression coefficients obtained for
Pb(II) from the Freundlich and Langmuir models were 0.886 and
0.920, respectively. For Cu(II) ions, the regression coefficients
for the Freundlich and Langmuir models were 0.982 and 0.986,
respectively. Langmuir equation provides a better correlation
with the experimental data. Therefore, biosorption process in

F n by
B

f
he slope, 1/n, is the intensity of adsorption.

The general Langmuir equation is commonly presented

e = Q0bCe

1 + bCe
(4)
 ig. 5. Freundlich adsorption isotherms for Pb(II) and Cu(II) biosorptio

acillus sp. (ATS-1).
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Fig. 6. Langmuir adsorption isotherms for Pb(II) and Cu(II) biosorption by
Bacillus sp. (ATS-1).

Table 3
Freundlich and Langmuir isotherm constants and regression coefficients for
Pb(II) and Cu(II) biosorption at optimum conditions in single metal ion systems

Metal ion Freundlich Langmuir

Kf n R2 Q0 b R2

Pb(II) 6.59 1.66 0.886 96.15 0.055 0.920
Cu(II) 1.33 2.1 0.982 18.69 0.025 0.986

Fig. 7. Comparison of the effect of initial Pb(II) ion concentration on the initial
adsorption capacities of Pb(II) ions toBacillus sp. (ATS-1), with Pb(II) ions
present as the single metal and in the presence of increasing concentrations of
Cu(II) ions at pH 3.0 (biomass 0.1 g, temperature 25◦C, agitation rate 125 rpm,
15 min incubation). The bars represent the standard error of the mean.

this study may be interpreted as monolayer adsorption. Greater
values ofb indicate the affinity of biosorbent to investigated
metals and imply strong binding of metal ions. Consequently,
the preference of investigated biosorbent for metal ions is as
follows: Pb(II) > Cu(II).

3.6. Competitive biosorption

In the single-metal ion situation, the uptake capacity of
biomass obtained with initial concentrations of Pb(II) ions at 25,

Fig. 8. Comparison of the effect of initial Cu(II) ion concentration on the initial
adsorption capacities of Cu(II) ionsBacillus sp. (ATS-1), with Cu(II) ions present
as the single metal and in the presence of increasing concentrations of Pb(II)
ions at pH 5.0 (biomass 0.1 g, temperature 25◦C, agitation rate 125 rpm, 30 min
incubation). The bars represent the standard error of the mean.

Fig. 9. Langmuir isotherm plots for Pb(II) biosorption in the presence of increas-
ing Cu(II) concentrations at pH 3.0. (biomass 0.1 g, temperature 25◦C, agitation
rate 125 rpm, 30 min incubation).

50 and 100 mg l−1 was found to be 10.78± 1.14, 22.87± 1.31
and 43.60± 1.09 mg g−1, respectively, while the uptake val-
ues obtained in the binary metal solutions slightly reduced by
Cu(II) ions (Fig. 7). However, the uptake values obtained in
the binary metal solutions at 100 mg l−1 initial concentration
of Pb(II) ions were found to be 37.68± 1.02, 41.29± 1.27 and
36.25± 1.61 mg g−1 when the initial concentrations of Cu(II)
ions were 25, 50 and 100 mg l−1, respectively.

The effects of the presence of Pb(II) ions on the biosorp-
tion of Cu(II) ions were investigated in the same manner. The
results also indicated that the biosorption capacities of Cu(II)

Table 4
Langmuir isotherm constants for Pb(II) and Cu(II) biosorption in binary mixtures

Constants Pb(II) Cu(II)

25 mg l−1 Cu(II) 50 mg l−1 Cu(II) 100 mg l−1 Cu(II) 25 mg l−1 Pb(II) 50 mg l−1 Pb(II) 100 mg l−1 Pb(II)

Q0 8.472 13.717 5.627 −9.533 −5.907 −59.524
b 0.032 0.014 0.057 −0.034 −0.050 −0.014
R2 0.929 0.897 0.999 0.596 0.334 0.097
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ions were reduced by Pb(II) ions similarly above. For exam-
ple, in the single ion situation the uptake value obtained with
the initial concentration of Cu(II) ions at 100 mg l−1 was found
to be 11.84± 1.32 mg g−1, while the uptake values obtained
in the binary metal mixtures at the same initial concentration
of Cu(II) ions were found to be 6.42± 1.12, 7.61± 0.75 and
4.73± 0.99 mg g−1 when the initial concentrations of Pb(II) ions
were 25, 50 and 100 mg l−1, respectively (Fig. 8). The results
obtained from binary metal mixtures were also evaluated by
the Langmuir isotherm model. The Langmuir constants for this
system were presented inTable 4. According toR2 values, the
Langmuir equation provides a better correlation with the exper-
imental data for Pb(II) biosorption in the presence of Cu(II)

F
P

(Fig. 9). Since the Cu(II) biosorption in binary mixture was not
followed by the Langmuir isotherm model, the plot is not shown
as figure. The affinity order in binary metal mixtures was the
same in single ion situation (Pb(II) > Cu(II)).

The previous studies indicated that biosorption yields for both
metals in binary solutions lower than single metal solutions for
one kind of ions and in the binary metal mixtures, both metal
uptake and adsorption yield for one kind of ions decreased with
increasing concentration of the other metal ions[27,28].

3.7. FTIR spectral analysis

The FT-IR spectra of unloaded and metal loadedBacillus sp.
(ATS-1) biomass in the range of 400–4000 cm−1 were taken
to find out which functional groups are responsible for the
biosorption process and presented inFig. 10. As seen in this
figure unloaded biomass displays a number of absorption peaks,
reflecting the complex nature of the biomass. The spectrum pat-
tern of unloaded biomass showed changes of certain bands in
the region of 1546–531 cm−1 as compared to Pb(II) and Cu(II)
loaded biomass. Band shifts were observed for the signals at
ig. 10. FT-IR spectra ofBacillus sp. (ATS-1) (a) before metal loaded (b) after
b(II) loaded and (c) after Cu(II) loaded.

F
(

ig. 11. Typical EDAX spectra ofBacillus sp. (ATS-1) (a) before metal loaded
b) after Pb(II) loaded and (c) after Cu(II) loaded.
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1546 cm−1 (indicative of C–N stretching and N–H deforma-
tion), 1238 cm−1 (indicative of –SO3 groups) and 1398 cm−1

(indicative of COO− anions). There was also clear that aro-
matic –CH stretching peak at 861 cm−1 for unloaded biomass
was disappeared after the sorption. Finally, it should be noted
that intensity decrease with band shifts of the peaks in the region
of lower wavenumbers (under 700 cm−1) after metal sorption
could be attributed to an interaction between the both metal ions
and N-containing ligands. These changes observed in the spec-

F
l

trum indicated the possibly involvement in biosorption process
of functional groups on the surface of the biomass.

3.8. SEM and EDAX analysis

EDAX is one of the useful tools to evaluate the chemical and
elemental characteristics of the adsorbent. In this study, SEM
micrographs and EDAX spectra ofBacillus sp. (ATS-1) were
taken before and after Pb(II) and Cu(II) sorption and presented
in Figs. 11 and 12, respectively. SEM micrographs indicated that
Bacillus sp. (ATS-1) surface was covered by a layer of Pb(II)
looking like a sponge and Cu(II) ions looking like shiny bulky
particles. This observation was confirmed by EDAX analysis
which revealed Pb(II) and Cu(II) signals together with the pres-
ence of gold peaks in all spectra. The peaks at about 1.3 keV and
between 3 and 4 keV corresponding to Mg2+ and K+, respec-
tively, disappeared after Cu(II) sorption. The disappearance of
K+ peaks between 3 and 4 keV and significant intensity decrease
of Mg2+ peak at 1 keV were observed after Pb(II) sorption. These
findings indicated that biosorption process also included ion-
exchange mechanism for the both metal ions by this strain.

4. Conclusion

The results demonstrate that bacterial isolateBacillus sp.
( cul-
t ns
f metal
i on
e ion
c data
fi ied
c s the
b ased
ig. 12. Typical SEM micrographs ofBacillus sp. (ATS-1) (a) before metal
oaded (b) after Pb(II) loaded and (c) after Cu(II) loaded.

f on-
c tional
g med
b

R

C

pper,
on of
nter-

met-
9

e of
61.
roor-

nol.

reat-
sour.
ATS-1) may be used as inexpensive, effective and easily
ivable biosorbent for the removal of Pb(II) and Cu(II) io
rom aqueous solutions. The biosorption process of these
ons on Bacillus sp. (ATS-1) was found to be dependent
xperimental conditions such as the initial pH, initial metal
oncentration and contact time. The adsorption equilibrium
tted well to Langmuir model for both metal ions in the stud
oncentration range. In competitive biosorption experiment
iosorption capacities of the biomass for metal ions decre

or one kind of ions with increasing the other metal ion c
entrations. The interactions between metal ions and func
roups on the cell wall surface of the biomass were confir
y FT-IR, SEM and EDAX analysis.
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